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O Abstract 

By using superfield techniques, the effective potential of the M = 1 Wess-Zumino model in 2+1 
dimensions is computed off-shell up to two loops. It is shown that supersymmetry is not broken, 
and that dynamical generation of mass does not occur perturbatively. We also investigate the 
renormalization of the effective potential and determine the renormalization group gamma and 
beta functions, showing that this model is infrared free. Comparison with some other results in the 
<— j . literature is provided. 
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I. INTRODUCTION 



Although supersymmetry (SUSY) is a key concept in the physics of elementary particles 
and fields, it is not supported (up to now) by experimental evidences. So, any realistic model 
involving SUSY must include some mechanism of breakdown. Many different mechanisms 
of breakdown have been considered in the literature. For instance, the Minimal Supersym- 
metric Standard Model (MSSM) with explicit soft supersymmetry breaking operators has 
)een suggested as a way of solving the scale of grand unification and the hierarchy problems 
1|. The breakdown due to instanton solutions [2], its connection with i?-symmetry breaking 
3| and with the Witten index J4, 5] have also been intensely investigated along the years. 
Yet, several variations or extensions of the models of O'Raifeartaigh and of Fayet-Iliopoulos 
Jfj], which present spontaneous SUSY breaking, have been considered and more recently, 
theories which exhibit metastable vacua with broken SUSY [7] have also been proposed. 
Another interesting question is whether a purely perturbative mechanism, i.e., a dynamical 
symmetry breaking induced by radiative corrections can be achieved (in this case, a mass 
scale would be dynamically generated). 

In 3 + 1 spacetime dimensions this possibility is ruled out by nonrenormalization theorems 
8|. On the other hand, in 2 + 1 dimensions such restriction (at least for M = 1 SUSY) 

nn 

does not exist [9|, [10j. The usual way of investigating the vacuum structure in quantum field 
theory involves the calculation of the effective potential jll|. Recently the two-loop effective 
potential for the three-dimensional M = 2 Wess-Zumino (WZ) model was evaluated in Ref. 



for the WZ model and massless electrody- 



13| long ago. In both models, that author 



12| . For the case J\f = 1, the effective potentia 
namics up to one-loop were first calculated in 
showed that neither SUSY nor the gauge invariance are broken by radiative corrections up to 
one loop order. Nevertheless, in 2 + 1 dimensions, terms involving logarithms of the classical 
fields only appear in two or more loops. Since these logarithmic contributions have a crucial 
role in the dynamical symmetry breakdown, the calculations must be carried up at least to 
two loops. 

In the component field formalism the two-loop effective potential of the WZ model was 



15|, respectively. In Ref. 14j. it is reported 



evaluated off-shell and on-shell in Refs. [14] and 
a problem with the renormalization of the effective potential: a divergent term which can 
not be absorbed by rescaling of the classical Lagrangian appears. On the other hand, in 
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Ref. [15] . difficulties with the renormalization are not found, but it is claimed that SUSY is 
broken and a dynamical mass generation takes place. In that paper, however, the evaluation 
of the effective potential did not take into account radiative corrections to the equation of 

n 

motion of the auxiliary field [18]. These facts lead us to conclude that the renormalization 
and the vacuum structure to the three-dimensional WZ model are issues not yet satisfactorily 
answered. 

The present work aims to calculate the two-loop effective potential of the WZ model by 
using the superfield formulation. We claim that the renormalization of the effective potential 
with dimensional reduction regularization is achieved in the usual way. Moreover, we show 
that SUSY is not broken and dynamical generation of mass is not perturbatively consistent. 
We have also determined the beta function associated with the fourfold self-interaction and 
verified that it agrees with the result in Ref. [191 ]. which is obtained by direct calculation 
of the one-particle irreducible (1PI) Green's functions in components fields. The anomalous 
dimension of the superfield is also determined. 

The paper is organized as follows. In Sec. [Ill the model is defined and the tree level 
potential is analyzed for different set-ups of the coupling constants. In Sec. IHIl the effective 
potential in one and two-loop order is calculated and its renormalization is analyzed, for 
the most general WZ model of a single real scalar superfield. In Sec. [IV] the possibility of 
dynamical symmetry breakdown, for the (sub) model that is classically scale invariant, is 
studied with the conclusion that the symmetries are preserved. The beta function of the 
coupling constant is also calculated, showing that the model has a Landau pole in the UV 
limit. In Sec. [V] we summarize our conclusions. In Appendix El the (^-function method for 
the calculation of the one-loop contribution is outlined and in Appendix [B] some details of 
the two-loops calculations are presented. 



II. THE MODEL 

The most general renormalizable action for the M = 1 WZ model, containing a single 
real scalar superfield in 2 + 1 dimensions is given by 

S[$] = J d 5 z j- ±D a $D a $ + l -m^ + ^$3 + + a$ + £ 1 ^ ^ 
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where d 5 z = d 3 xd 2 8, 9) = <p(x) + 8 a ip a (x) — F(x)8 2 and Cct is the counterterm La- 
grangian. Our conventions and notations for the superfield formalism are the same as in 
Ref. 20|. The mass dimensions of the scalar superfield and the coupling constants are: 
[$] = 1 /2, [A] = 1 /2, [g] = 0, [a] = 3 /2. When A = a = 0, the classical action is invariant under 
the discrete symmetry transformation $ — > — $ and if in addition m = the model is also 
classically scale invariant. 

The component form of Eq. ([T|) is easily obtained by doing the ^-integration: 

S = j Sx^i^ + ^id^^p + F^ + m^ 2 + 4>F) 

+ \^ + ^F) + 9 -^F + ^ 2 + aF + CcT\. (2) 
The above action is invariant under the SUSY transformations 



a 1 



5i/> a = -e?{C aP F + id a 
6F = -e a id a ^p, (3) 

where e a is a constant fermionic parameter. 

The tree level off-shell scalar potential is read off directly from Eq. (F2]): 

V^{ff>, F) = ~\f 2 - F(a + m«/> + ^ 2 + |0 3 ). (4) 

By eliminating the auxiliary field F through its equation of motion dV^ /OF = 0, the classical 
potential becomes only a function of the physical field eft, such that 

V^^) = \(F(^)) 2 >0, (5) 

with F{4>) = -{a + m4>+ \<\) 2 + §</> 3 ). 

As is well known, for any unbroken supersymmetric theory the vacuum state must corresponds 



21(. For g ^ 



to a global minimum of the effective potential with F{(j) m i n ) = and V{(j) m i n ) = 
the model (at tree level) has a SUSY preserving phase, since -F(</> m m) = always has at least 
one real solution for (frmin- In this case, if a = A = we have a minimum at <p m in = and if 



besides that, we also have —6m/g > 0, there exist two other solutions: 4> m in = ± a/— 6m /g that 
spontaneously break the symmetry (j) ~^ ~<P- Anyway, for g ^ SUSY is classically preserved. 
Another possibility is when g = and A ^ 0. If 2a A < m 2 , the equation F = has two real 
solutions 4>min = — t ^ (t^ — SjS) 1 / 2 and SUSY is preserved. If instead, 2aX > m 2 , the minimum of 



V(°\4>) occurs for 4> min = — ^ (solution of dV^/dcj) = 0, for which F = — a / 0) and implies 
in V((f) m i n ) = gp-(2Aa — m 2 ) 2 > 0, showing a spontaneous breakdown of SUSY at classical level. 



III. THE EFFECTIVE POTENTIAL 



There are several methods by which one can calculate the effective potential in ordinary field 



22| whose extension to superspace is 



theory. We will employ the Jackiw's functional method 
straightforward. The recipe is: shift the quantum superfield $ by a classical superfield (j) c i and 
consider the action 



§[*M = s[$ + fa] - s[<j> d ] 



d b z<$> — 
<5<3? 



(6) 



where (f> c i(9) = o\ — 2 a2, with o\ = ((f)) and oi = (F) being the constant vacuum expectation 
values of the scalar component fields (the Lorentz invariance of the vacuum requires that (ip a ) = 0). 
The action S takes the form 



d 5 z 



1 



9 ±1 



-$ \D* + m + \<j> d + - Vd 



The effective potential can be written in a manifestly supercovariant form as 



Veffiax,^) = V^(a u a 2 ) - ^Det [iA F \z,z')} + - (o 



i 

n 



Texpi / d 5 zCi n t($, 



(7) 



(8) 



The first term in Eq. ([8]) is the tree- level potential as given in ([!]). The second term is the one-loop 
correction, where 

Jf2, 



0) 



and Q = J d?x is the spacetime volume. The third term encodes the higher loops corrections: the 
sum of one-particle-irreducible vacuum superdiagrams with two and more loops computed from 
the shifted action ([7]). Let us note that the effective potential is only function of the constant (x M 
independent fields u\ and 02 • Actually, the superfield approach adopted here guarantees that after 
all the D-algebra manipulations, only a single ^-integration remains to be done. This allows us to 
read off the effective potential as it was previously made in ([2|) and (|4|). 
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A. One-loop contribution 



The one-loop contribution to the effective potential is enclosed by the functional determi- 
nant in ([8]). It can be evaluate by the (^-function method as described in Ref. Following the 
calculations outlined in Appendix (fAj) we get 



i 
2 

1 

12^ 



d 3 k 



In 



k 2 + M 2 
k 2 + [i\ 



(2vr) 3 

(M 3 -fi), (10) 

where M 2 = [i 2 — fj,?,, \i\ = m + Xai + |cr 2 and /x 2 , = A02 + go\(J2 (note that /i 2 , may assume negative 
values). 

Therefore, up to one-loop order, the effective potential is finite and is given by 
V eff (a l ,a 2 ) = V<®+V<V 



1 2 / ^ 2 9 1\ 

-~ a 2 ~ a 2{a + max + ~o\ + -o\) 

2 lb 



1 

127T 



m + Acri + |cr 2 



Aci2 — go\02 



1 3/2 



, \ , 5 2 x3 

m + Adi + -a 1 



(11) 



From this expression it is easy to see that V e ff(ai,(T2 = 0) = 0. So, if 02 = corresponds to 
an absolute minimum of V e ff then SUSY is not broken. This is the case for g > 0. Indeed, the 
constraint 

dVeff 

0-2=0 



0. 



(12) 



is identically satisfied and the equation 



dV f 



eff 



da 2 



0-2=0 



implies in the condition 
~ 87r" 



+ m 



gm 



0. 



16vr 



9 _ jf_ 

6 16vr 



4 



0. 



(13) 



(14) 



For g 7^ 0, the above equation has at least one real solution for a\, what means that SUSY is not 
broken, as it happens at tree level. In the particular case a = A = m = 0, we have a\ = a% = as 
an absolute minimum and the discrete symmetry and the scale symmetry are both preserved. Our 
calculations agree with the result in Ref. |13l |. 



If instead g = and A / 0, we have real solutions for a\ if 2aA < m 2 + sjt, meaning that 
SUSY is realized in one loop order. Remembering that SUSY was broken at classical level when 



g = and 2a\ > m 2 , we see that a restoration of SUSY will occur due to one-loop corrections if 
m 2 < 2a\ < m 2 + jgL. 



B. Two-loop contribution 

As is well known, for symmetry breaking to occurs by radiative corrections, we need the induction 
of terms of the form h((Ti, a 2 ) ln/((Ti, 02). In 2 + 1 dimensions, this only happens in two (or 
more) loops approximation. To study this possibility and to make a detailed analysis of the UV 
counterterms needed to renormalize the effective potential, we will consider the general case in 
which all the parameters in Eq. ([I]) are non-null. 

Let us start by establishing the supergraph Feynman rules for the shifted theory ([7]). The 
Feynman propagator satisfies the Green equation: 



O z A F (z-z') = i5 5 (z-z'), 



(15) 



where O z = D 2 + \i\ — fx 2 9 2 with \i\ and fi 2 defined as before. 

To invert the operator O we make use of the projection operators method, developed in Ref. 
23|. A basis for the space of scalar operators is formed by the set of six linearly independent 



operators: 

p = i, Pi = d 2 , p 2 = e 2 , p 3 = e a D a , p i = e 2 D 2 , p 5 = id a ^6 a D^ 

with the following multiplication table: 





Pi 


p 2 


^3 


Pa 


P5 


Pi 


□ 


-p Q + p 3 + p± 


2Pi + P 5 


-Pi + UP 2 - P 5 


□(-2P + P 3 ) 


P2 


Pa 














P3 


-P 5 


2P 2 


P 3 - 2P 4 


2P 4 


2DP 2 + P 5 


Pi 


DP 2 


-Pi 


2P 4 


-Pa 


-2DP 2 


P5 


-np 3 





-2DP 2 + P 5 





□ (P 3 + 2P 4 ) 



TABLE I: Multiplication table employed in the inversion of O. In addition, one have the trivial 
relations: PqPi = PjPo = P%, with i = 0, . . . , 5. 
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After a straightforward algebra, the superpropagator in momentum space is given by 

A F (k; 9-e') = i\Y J <HPi) S\6 - 9'), 



(16) 



,i=0 



where: 



Ml 



1 



k 2 + M 2 ' 



ci 



C4 



2^1/x 2 . 



A; 2 + M 2 ' 
C5 = 



C2 



(/C 2 - fij)^ 



{k 2 + fl 2 )(k 2 + M 2 )' 
l4 



C3 



A^2 



(A; 2 + /i 2 )(A; 2 + M 2 ) ! 



(^^(fc^M 2 )' a (£; 2 + ^ 2 )(£; 2 + M 2 )' 
The interaction vertices may be read from Eq. ([7]) and the symmetry factors can be determined 
by the Wick's theorem in the conventional way. 

The two-loop superdiagrams contributing for the effective potential are drawn in Fig. [TJ The 
associated analytical expressions are shown in Appendix (JB]) and the resulting two-loop momentum 



24] 



integrals are evaluated by dimensional regularization using the formulas presented in Ref. 

(2) 

The contribution of the diagram (a), denoted by Va , results to be finite, since it is constituted 
by the product of nonoverlapping one- loop integrals. Diagram (b), instead has divergences propor- 
tional to all the terms present in the tree-level potential , which is consistent with the usual 
renormalizability of the model. In summary, we have the following results: 
g Mmul 



VP 



V, 



(2) 



+ 



32vr 2 (M + m) 

(A + gai) 2 
64vr 2 

(A + ^i) 2 



2 di' 



6^1n('^±^)+(M 2 + 5/, 2 )ln 



64vr 2 



~ ;m\ m 2 r , /M + 2^1 

-M In | — ) H <^ 1 + In ' ' 



+ 



3 

64?r 2 



, /3M 
1 - 6 In { 

V A* 



A* / 
10 In 



3 

M + 2fj, x 
A* 



27/i 



(?) 

2 

- -M/ii 



2Zn 



/3M 



A/il +5/ilCTl - -CJ2 

o 



+ - M 2 + 8 M 2 In ^ 

3 V A* 



.9 



(17) 



where = i + ln[47re^ 1_7£; ^ and /u is an arbitrary mass parameter introduced via dimensional 
regularization. 

The effective potential up to two loops is given by 



Veff = + + VP + y b (2) + Vct, 



(18) 



in which Vct is the counterterm contribution to the potential 



Vct 



-oZa 2 + bmo\Oi + — <7i<7 2 + — ct?ct 2 + t>acr 2 
2 2 o 



(19) 
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as can be read from the classical Lagrangian in Eq.Q; 5Z is the wave function renormalization 
counterterm and the other counterterms are self explaining. The divergent parts of can be 
collected in 



y{2) _ I div 



■-g 2 a\ + (2g 2 m + 5gX 2 )a 1 a 2 + §g 2 \o\o 2 + 2g 3 afa 2 + (2gmX + X 3 )a 2 



(20) 



div 128n 2 

As seen from this equation, the renormalization of the effective potential requires all the coun- 



terterms in Eq. (|19p : 

1 



— — 77<? I div + 5Zfi n 
3 

5a = -(2mgX + XX 2 )I d i v + <5a/ir, 



5m = -(2mg 2 + 5gX 2 )I div + 5m fin 
5X = 6g 2 XI div + 5Xf in 

5g = Sgtfhiv + <%m (21) 

where we defined g = g/8ir and A = X/8tt. 



Let us compare our results with some others in the literature. In [12] the effective potential of 
the M = 2 WZ model in 2+1 D was studied in two loops approximation. The authors conclude 
that only a wave function renormalization is needed. As they say, that result is not unexpected; the 
N = 2 superspace formulation of supersymmetry in 2+1 D can be got from the M = 1 superspace 
formulation in 3+1 D by dimensional reduction and so, the 3+1 D nonrenormalization theorems 
are expected to work with M = 2 in 2+1 D supersymmetry. In our results on the other side, no 
nonrenormalization theorem applies and the renormalization of all the parameters are necessary. 
Differently from ours, in which three different arguments appear in the generated logarithms, their 
expression has only a single argument in the generated logarithms. This difference is, maybe, due 
to their approximation, in which spinorial derivatives D a & and L> 2 $, besides the usual spatial 
dQ/dx^ are dropped. Our results also contradict the result for a similar Af = 1 model, reported 
in Ref. [14], in which a counterterm of the form af, not present in the classical Lagrangian, was 
found to be required. 

For the model with g ^ and A ^ the renormalization also requires that 5a and 5m be non 
null. The sub model with only g ^ is renormalizable, that is, it only requires the renormalization 
of g besides that of Z. If g = and A 7^ (in which case the model is super-renormalizable) the 
cancellation of the UV divergencies in two loops requires also that 5a ^ 0. 



IV. THE UNBROKEN SUSY VACUUM 



Let us now investigate in more details the sub model with g ^ and m = A = a = 0, that is 
of particular interest for being classically scale invariant. As discussed in the previous section, the 
model only requires the SZ and 5g counterterms. The total renormalized effective potential V e ff 
takes the form 

1 



V, 



eff 



1 + SZfjn 2 g + 5g f . 

n a 2 



+ 



9 



327T 2 
1 

3 



m 3 i / 3 

2 



M- 



^x^x - M)(/ii - 4M) - - M 2 ) In 2JU + / " 



/i 



(22) 



^ l( 10,?-M 2 )ln^±^i 



+ 



( m (2 / , 2 + M 2 ) + |a 2 2 ) In^ 



where /ii = gal/2, ^ = g<J\<72 and M = (/i 2 — /U 2 ,) 1 / 2 . Observe that V e /j is real only for M real, 
that is, if (gaf — 4<Ti<T2) > 0. The singularity in a\ = for 02 7^ 0, in the last term of V e ff, 
is a reminiscence of the IR divergencies due to the null mass of the model. So, a\ = is not a 
convenient spot to impose renormalization conditions. The point a\ = /U, where \i is the mass 
parameter introduced by the dimensional regularization, is a more natural spot. To see this fact, 
let us expand the expression of the effective potential in powers of o<i- The result is 



V, 



eff 



<72<jf 



9 , ( Sg fin 1 ^ t 1 a2 3^ 2 o„^2 1 „ 2 5\ 7 



6 



- ^99 + " " 2<7£ 2 In f J - 2gg 2 In -± 



(23) 



+ <72 



1 

"2 + 



1 



29 



1, 2 2 S \ 1. 2 aX 
^9 In — + -g In — 
3 3/3 \i 



2 2" 18' 

where, as before, g = g/8ir. We choose 5g/i n and 5Zfi n by imposing that the terms in the paren- 
theses be nulls. These choices imply that at the point a\ = n, the coefficients of the two monomials 
(<T2<rf and a 2 ) are the same as in the classical potential V c i ass = —(g/Q)<J2&i — (l/2)c 2 . The first 
condition fix the renormalized coupling constant and the second implies that the coefficient of the 
kinetic term of the effective renormalized Lagrangian at o\ = \i is one. In the expanded form, the 
renormalized potential results in 

. f n - fr?\ 

(24) 



Veff = a 2 al{- 9 --2ggHn°^ 



Let us now investigate the possibility of supersymmetry breakdown. It is easy to check that 
Veff {01,02 = 0) = 0, from which it also follows that 9V e ff/dai\ =Q = 0. The condition 
®V e f f I 'd(J2\ a2=0 = 0, leads to the following (gap) equation for u\: 

= (25) 



0\ 



, -2gg z in 



10 



This equation has a trivial solution cr™ n = that ensures that SUSY as well as the discrete 
symmetry <3? — > — <3> are not broken by the radiative corrections. Looking at the term in the 



parentheses, a possible non-zero solution <j™ n ^ would be given by 

t min\2 

5 2 ln^ ] ' 
Following Coleman- Weinberg's arguments 



-5vr" 



(26) 



llfl: since higher loop orders are expected to bring in 



higher powers of g In - 1 - and so, at this value of (u™™) , higher powers of 5ir » 1, this minimum 
lies very far from the range of validity of the two loop approximation; we conclude that, no non- 
trivial vacuum is induced by radiative corrections and no SUSY breaking and mass generation occur. 
Our results contradict the claim made in Ref. that the two-loop corrections are able to induce 
supersymmetry breaking and dynamic generation of mass. On the other hand a similar conclusion 



was also got in 



to ours was obtained in 16fl, for the O(N) WZ model in 1/N approximation. The same conclusion 



17j through a functional renormalization group analyses. In fact, as discussed in 



11| , spontaneous symmetry breaking and mass generation through radiative corrections are only 
possible in models with more than one coupling constant and is made possible through an interplay 
among these constants. 

Finally, let us determine the renormalization group function f3 g for the particular case with g ^ 
and m = A = a = 0. Introducing the bare <3?o an d renormalized superfield <3> and the renormalized 
coupling constant g through the definitions 

<I\, = Zj$ = (1 + 5Z)*$, (27) 

l + g^Sg' , . 

(28) 



go 



H e gZ g = n E g 



7 2 



and writing explicitly the counterterms from Eq. (I21j) as 

-,2 x 



SZ 



Sg 



g 



192vr 2 e 
3g 3 1 



+ finite, 



32vr 2 e 

we obtain the beta function at leading order 



— h finite, 



(29) 
(30) 



dg 5g 3 



dfi 24vr 2 
5g 3 



24vr 2 



(for e -)■ 0). 



(31) 



This result is in agreement with that obtained in Ref. 



19fl by calculating the divergent parts of 



several vertex functions in the component field formalism. The solution of Eq. (|3ip is given by 

„2 



g 



l 



12tt ; 



-g 2 ln^ 



(32) 
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Starting with a g 2 <C 1 at a scale /i, we see that the effective coupling constant g 2 increases as the 
scale ji is increased. So, at short distances the above results are not reliable: higher loop corrections 
become more and more important compared to the second order. If instead, we make Jx — > we 
get g 2 — > 0, showing an IR free limit. 

An anomalous scaling of the model is also induced as can be seen by calculating the anomalous 
dimension of the field: 

1 dlnZ® 

7 * = r^r- (33) 

From (|27p . we can write (|33p in the form 



By replacing (f29j) and (131]) into (|Mj) we get 



which yields 



2 ( 1 - -g^rU, = - %4 i, (35) 
1 1927r 2 e/ ' 96vr 2 24-96vr 4 e' v 7 



7 * = W" (36) 



V. CONCLUSIONS 

In the present paper, we calculate the effective potential for the J\f = 1 WZ model in 2 + 1 
dimensions. We employ the Jackiw's functional method combined with the superfields formalism. 
A detailed analysis of the renormalizability and vacuum structure of the model is presented, up 
to two loops. One of the main results is that the renormalization of the theory requires, besides 
the wave function counterterm, also mass and coupling constants counterterms, but not any new 
one. This result differs from that reported in |14j |. where the renormalization of the model requires 



an extra nf counterterm. It also differs from that in Ref. [l^ for the M — 2 \YZ mode] in 2 + I 
D in which only a wave function renormalization was found to be required. For the massless <3? 4 



(sub) model, we also determined the j3 g function which agrees with the results of 



3, 



showing a 



Landau pole in UV limit. At the same time, it was found that the quantum vacuum state preserves 
supersymmetry and the discrete symmetry $ — > — $ of the classical theory, contrary to the remark 
in fl5| . but in agreement with the results in [r| and 
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Appendix A: The (-function method 

In this appendix we compute the one-loop contribution by the (-function method following 
Ref. The functional determinant DetO is understood as the product of the eigenvalues of O. 

Starting with the eigenvalues equation 

d 5 z'6 z (z,z')f n (z') = a n f n (z), (Al) 

and defining the (-function associated to 0(z, z') = O z 5 5 (z — z') as 

n < 

the functional determinant of O z can be written in the form 

DetO z = 11 a n = exp [-C'(O)] . (A3) 

n 

So, the calculation of the determinant requires to get an analytical representation for £(s) . To this 
end, let us introduce a two-point superspace function G(z,z';t) which obeys the equation: 

f)C 

6 z G(z,z';r) + — = 0, (A4) 

with the initial condition G(x, 6; x' , 6'; r = 0) = 5 3 (x - x')5 2 (0 - 9'). 
It is straightforward to check that 



as) = — !— [ drr 3 - 1 [ d 3 xd 2 6G(x = x',9 = 6'; • 
r (s) Jo J 



(A5) 



for G(z,z';t) = ^ n exp[-a„T]/ n (z)/*(z'). 

To proceed we must now determine an explicit solution of G(z,z';t) satisfying the Eq. (|A4|) 
subject to the initial condition above. To this aim, we will assume that this function is spacetime 
translational invariant so that it can be written as: 

/d 3 k 
j^g(k, 9, 6'; t) exp [-ik(x - x')] , (A6) 
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with the following ansatz for g(k, 9, 9'; r): 
g(k, 9, 9'; r) = A(k, r)+9 a 9 ,l3 k a pB(k, T)+9 a 9' a C(k, r)+9 2 D(k, r)+9' 2 E(k, r)+9 2 9' 2 H(k, r). (A7) 

To find the coefficients A, B, C, D, E and H, we have to use the explicit form of O z read 
off from (|15p and insert (|A7p into ()A4[) . This equation splits into six linear ordinary differential 
equations with the initial conditions: 

A(k,0) = B(k,0) = C(A;,0) = 1 
D(fc,0) = -1 #(M) = -1 ff(Jfe,0) = 0, (A8) 
so that the solution of this system is readily found. From these results, we now construct 
the ^-function as prescribed in Eq. ([7]). After integration and using the relation V^' = 
— (i/20) In DetO = (i/2Q)C'(0), we are able to get the result described in (jTUj) . 



Appendix B: Two-loop diagrams 

The analytical expressions for the two-loop vacuum bubbles that contribute to the effective 

potential displayed in Fig. Q]are (d D k = fj, E d 3 ~ £ k): 

g fd D kd D q 



g f dPkdPq \ 



2 J (2n) 2D 



(k 2 + M 2 )(q 2 + n 2 ){q 2 + M 2 ) 



(Bl) 



and 



V® = -3i J d ^ D q d 2 9 1 d 2 9 2 l(9 2 , 9 2 )A F (k- Bx - 9 2 )A F (q; Q x - 9 2 )A F (-k -q;0 x - 6 2 ), (B2) 



where 



AOl 0l) = ^ [(A + gox? - (\gcT2 + g 2 cria 2 )(9 2 + 9 2 ) + g 2 a 2 9 2 9 2 ] . (B3) 



After performing the D-algebra and carrying out the remaining ^-integration, we obtain the 
following two-loop momentum integrals 

(2) _ f d D kd D q -^ 2 2 {\ + gai 



■ b 



(2ir) 2D I2(k 2 + M 2 ){q 2 + M 2 ){k 2 + fi 2 )(q 2 + /i 2 ) [(k + q) 2 + M 2 } [(k + q) 2 + rf] 
X { k\q 2 + + 2k.q [(k 2 + ^ 2 )(q 2 + fi 2 ) - (k 2 + q 2 - (k + qf + 

+^ 2 [g 4 - 15/4 - V [(A; + q) 2 + 2^ 2 ] + 6^ 2 + 2 (k + q) 2 (-^ 2 + /i 2 )] 

+fcV - 4A; 2 ^ 2 [(A; + q) 2 + 2^ 2 ] + k 2 q 2 [2(k + ^) 2 - [i\ - 4^ 2 ] } 

/• d D kd D g -§gin{\ + gai)a 2 + g 2 al 

J (2tt) 2D \2{k 2 + M 2 ){q 2 + M 2 )[{k + q) 2 + M 2 ]' 1 ' 
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The two-loop integrals were performed by dimensional reduction scheme, using the formulas from 
[24]]. The final results are written in (|17p . 
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(a) (b) 
FIG. 1: Two-loop vacuum bubble supergraphs. 
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